Strong Coupling of the Fe-Spin State and the As-As Hybridization in Iron-Pnictide Superconductors from First-Principle Calculations From first-principles calculations, we unravel surprisingly strong interactions between arsenic ions in iron pnictides, the strength of which is controlled by the Fe-spin state. Reducing the Fe-magnetic moment weakens the Fe-As bonding, and in turn, increases As-As interactions, causing giant reduction in the c axis. For the CaFe 2 As 2 system, this reduction is as large as 1.4 Å . Since the large c reduction has been recently observed only under high pressure, our results suggest that the iron magnetic moment should be present in Fe-pnictides at all times at ambient pressure. Finally, the conventional electron-phonon coupling in the collapsed phase of CaFe 2 As 2 gives a maximum T c of 0.6 K and cannot explain the $12 K superconductivity observed in some experiments. Implications of these findings on the mechanism of superconductivity in iron pnictides are discussed. The recent discovery of superconductivity at T c 's up to 55 K in iron pnictide systems [1] [2] [3] [4] [5] has sparked enormous interest in this class of materials. So far, two types of materials have been discovered. The first one is the rareearth pnictide oxide layered systems, REOFeAs, which is denoted as ''1111'' [2] [3] [4] [5] [6] . The second class is the so-called ''122'' systems with the chemical formula MFe 2 As 2 (M ¼ Ca, Sr, etc.) [6] [7] [8] [9] [10] . The 122 systems are simpler in terms of their crystal structure due to absence of REO layers. The crystal structure of CaFe 2 As 2 is shown in the inset to Fig. 1 .
The pressure-induced superconductivity in these system is particularly interesting [11] [12] [13] because it provides a new avenue for investigation of the mechanism of the high-T c superconductivity. Very recently, a high pressure neutron scattering study has reported that the CaFe 2 As 2 system undergoes a surprising transition to a ''collapsedtetragonal phase'' (cT-phase) under applied pressure in which the c parameter is reduced from 11.7 to 10.6 Å [1] . Motivated by this interesting report, in this Letter, we present a detailed first-principles study of Fe-pnictides with many surprising results.
We discovered that the optimized c-lattice parameter of CaFe 2 As 2 varies by about 1.5 Å depending on the magnetic configuration considered. Such a giant coupling of spinstate of an ion with its lattice is almost unheard of and deserves detailed investigation. Reducing Fe-moment by about 1=2 gives lattice parameters that are quite close to high pressure data [1] . Hence, the collapsed-phase does not necessarily mean the total loss of Fe magnetism as suggested in Ref. [1] but could be due to large reduction of the Fe-moment. We explain this strange behavior by noting that in iron pnictide systems there are significant As-As hybridization (both intra and interplane arsenic ions) whose strength is controlled by the Fe-spin state. Reducing the Fe-spin state reduces the Fe-As bonding, which in turn, increases the As-As bonding and causes the observed huge reduction in the lattice parameters. This effect is maximized in the case of Ca122 system due to close proximity of two arsenic ions in adjacent Fe-planes (see Fig. 1 ). We argue that since there is no observation of large c axis reduction during the normal to superconducting phase transition in iron pnictides, the iron magnetic moment should be present at all times at ambient pressure. Otherwise, one should have seen a large reduction in the c axis as recently reported from high- pressure neutron scattering experiments [1] . Hence, it seems that the Fe-magnetic moment in its paramagnetic state (i.e., no long-range order but nonzero Fe-site moment) is either required for the superconductivity or at least is not detrimental to the superconductivity.
The first-principles calculations were performed within the plane-wave implementation of the Perdew-BurkeErnzerhof (PBE) generalized gradient approximation (GGA) to density functional theory as implemented in the PWSCF package [14] . The details of the parameters used in the calculations can be found in Refs. [15, 16] . In order to get a general understanding of the iron pnictides, in this study, we consider one example of each class of pnictides: namely CaFe 2 As 2 for the 122 system with the smallest Ca-ion available and the BaFe 2 As 2 with the largest metal Ba. For the 1111 system, we consider LaOFeAs. We also study a doped 122-system, i.e., Na 0:5 Ca 0:5 Fe 2 As 2 . Since in our ffiffiffi 2 p Â ffiffiffi 2 p -cell we have four chemical formulae, we consider a supercell where two Na and two Ca are ordered. For each given system, we have performed full structural optimization including the lattice parameters and the atomic positions. We consider our optimization is converged when the maximum force on each atom is less than 0:005 eV= # A and the pressure is less than 0.1 kbar. We have performed the full structural optimization for nonmagnetic (NM), i.e., ''nonspin polarized,'' checkerboard antiferromagnetic (AF1) and stripe (AF2) spin configurations. Our results are summarized in Table I . As expected, the ground state for all four systems is the stripe AF2 phase and the optimized parameters are in good agreement with the experimental data at ambient conditions.
The most striking and surprising finding listed in Table I is the giant dependence of the optimized c-lattice parameter on the spin configuration considered. For the case of CaFe 2 As 2 , we note that AF1 configuration is the next stable state (after the AF2), but the c-value is significantly reduced: 11.63 Å versus 10.60 Å for AF2 and AF1 spin configurations, respectively. The difference is even larger, when the Fe-magnetism is ignored (i.e., nonspin polarized calculations). The optimized c-value for NM-state is 10.39 Å , which is 1.34 Å shorter than the experimental value at ambient pressure. We note that the optimized lattice parameters, a ¼ 5:65 # A and c ¼ 10:6 # A for the AF1 phase, are in reasonable agreement with the neutron data (a ¼ 5:8 # A and c ¼ 10:6 # A) [1] . Hence, based on this result, it is premature to conclude that the observed experimental cT-phase is due to the complete disappearance of the Fe-magnetism but as we shall see below, it is closely related to the magnitude of the Fe-spin.
In Fig. 1 , we show that the T-phase directly collapses into the cT-phase without any energy barrier if the Fe-magnetic moment is ignored. During the c axis collapse, there is significant and comparable decrease in the height of the Fe-As and As-Ca-As planes, indicating that the whole lattice almost uniformly shrinks. Since there is no energy barrier between the T-phase and the cT-phase, as soon as we lose the Fe-magnetic moment for some reason, we should see the expected c-lattice reduction. Since this does not seem to happen in the superconducting samples, it is tempting to conclude that we have the Fe-moment present in the superconducting phase. This is a quite important result by itself to understand the mechanism of the high T c superconductivity observed in iron pnictides.
In order to get a better understanding of the cT-phase, we have performed electronic band structure calculations and studied the projected atomic density of states. Our results for the T-phase agrees well with previous calculations [20] [21] [22] [23] . Figure 2 shows that despite to the 1.4 Å c reduction, the band structure and the PDOS of both phases are surprisingly similar. The main difference between the two phases is that most of the bands are shifted in lower energy in the cT-phase which is expected since the cT-phase has the lower energy. This downward shift of the bands is most obvious in the band structure plot along the À À M direction as shown in Fig. 2 . In the T-phase, there were several states above the Fermi level which crosses the E F along the M À À direction. This results in a larger density of states at the Fermi level. However, for the case of cT-phase, we note that most of the bands just above E F in the T-phase are now just below the E F in the cT-phase, and there is only one band which crosses the E F along the À À M direction. This explains why NðE F Þ is reduced in the cT-phase. The other and probably the most important difference is the change in 
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037003-2 the peak shape of the states near 3 eV below E F . Visual inspection of these orbitals indicate that there is significant As-As hybridization in this system. The As-As hybridization becomes more significant in the cT-phase. This observation is quite unexpected, and as we shall see below, it actually explains the mystery why the Fe-spin state has a huge effect on the As-z coordinates as first noted in [24] .
In order to demonstrate that there is large hybridization between As ions in the Ca122 system, we show the contour plots of the relevant orbitals in Fig. 3 . It is clear that the As ion below the top Fe-plane makes a bond (or hybridizes) with the arsenic ion which is above the lower Fe-plane. Hence, this overlap of the As-As along the c axis makes this system quite isotropic and far from being layered system. According to bond-population analysis, the As-As bond strength increased almost twice in the cT-phase. Because of close proximity of the As ions in adjacent Fe-layers, the observation of the As-As interaction is probably not that surprising. What is surprising is to see that there is almost the same type of hybridization between two arsenic ions on the same Fe-plane as shown in the right panel of Fig. 3 .
Since we have shown that the As ion above the Fe-plane has a strong overlap with the As ion below the same iron plane, their interaction is automatically increased as the Fe-As interaction decreases due to decrease in the Fe-moment which changes the chemistry of the Fe ion. Therefore, we have now a mechanism which explains why the As ion z values get shorter with the decreasing Fe-moment. Our mechanism also explains why we see a smaller reduction in the c axis for the LaOFeAs than the 122 system as listed in Table I . The reduction in the c axis in the LaOFeAs system is due to the intraplane As-As interaction only since there are no two adjacent FeAs planes to interact to with each other as in the case of Ca122. Our theory also predicts that for larger ions like Ba, we should see less c reduction because the As-As distance between two adjacent planes is now larger due to larger ionic radius of Ba. In Table I , we also show that similar c reduction with Fe-spin occurs in the doped Na 0:5 Ca 0:5 Fe 2 As 2 system as well.
In order to convince the reader further that the spin-state of the iron is the key parameter that controls the As-As bonding in these systems, we have performed fixed-spin calculations for CaFe 2 As 2 , and the results are shown in Fig. 4 . We consider ferro spin configuration to show that the spin-structure is a secondary effect, and the main effect is the on-site Fe-spin state. As we see from Fig. 4 , when the Fe-moment is zero, the c axis is the smallest consistent with the strongest As-As interaction (because As-Fe bonding is weak for nonmagnetic Fe). As the Fe moment becomes significant, the Fe-As interaction gets stronger, and, therefore, the As-As distance starts to increase to optimize the Fe-As bonding. Ironically, at the Fe-moment of B ¼ 2:2, we have the ideal tetragonal arrangement of the four As ion around each iron during which the two As-Fe-As angles are equal. At this point, the low-to high-Fe spin transition is obvious during which the a-axis is reduced while c axis is increased significantly.
Since our results suggest that Fe-magnetism is either totally lost or reduced by half in the cT-phase, one wonders if the observed $12 K superconductivity in the vicinity of the collapse cT-phase of CaFe 2 As 2 [13] can be explained by conventional electron-phonon (e-ph) coupling? In order to address this question, we have calculated phonon spectrum and Eliashberg function from linear response theory [14] . We used basically the same method and the equivalent parameters that are used in Ref. [25] for LaOFeAs. Our   FIG. 3 (color online). Contour plot of the As-As p z -hybridization orbital for cT-phase (left) and T-phase (right), respectively. Note that the As-As hybridization present in both phases is much more significant in the cT-phase. There is also clear hybridization between intra-As atoms below and above the Fe-plane in the T-phase (right). results are summarized in Fig. 5 and very similar to those for LaOFeAs. We obtained a value of electron-phonon coupling ¼ 0:23 and the logarithmically average frequency ! log ¼ 218 K, which gives T c ¼ 0:6 K using the Allen-Dynes formula with Ã ¼ 0 (i.e., an upper bound for T c ). Hence, the mechanism of superconductivity in the cT-phase of CaFe 2 As 2 is likely unconventional, and probably, it is the same as in the other iron pnictides. This finding together with our results summarized in Table I suggests that in the cT-phase, the Fe-magnetism is not totally lost with pressure, but it is partially reduced. Hence, it seems that there is an optimum strength of Fe-spin state that is required for high-T c superconductivity.
In conclusion, we have revealed surprisingly strong As-As interactions in iron pnictides. The strength of this interaction is controlled by the Fe-As chemical bonding.
Reducing the Fe-moment reduces the Fe-As bonding, which in turn increases the As-As interaction along the z-axis, causing arsenic atoms on opposite sides of Fe-square lattice to move towards each other. This explains the high sensitivity of the z-atom positions and the large reduction of the c axis with the loss of Fe-magnetic moment. We showed that under external pressure, the high Fe-spin AF2 structure (i.e., stripe phase) should transform to a new structure with low Fe-spin state and significantly reduced c axis. We think that this could be the phase recently observed by high-pressure neutron scattering [1] . This is also consistent with our finding that the pressured induced $12 K superconductivity cannot be explained by the conventional e-ph coupling. The Fe-magnetism is still needed for an unconventional mechanism. Since at ambient pressure, we do not observe large c axis drops in the superconducting samples, we conclude that the Fe-magnetic moment should be present at all times in these systems, at least in 122 materials such as CaFe 2 As 2 . The giant coupling of the on-site Fe-magnetic moment with the As-As bonding that we have discovered here may provide a mechanism for the superconductivity.
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